of regeneration. Something, furthermore, is known concerning the changes and activities which are exhibited by the tissues participating in the process of regeneration, and the origin of the material which constitutes the newly formed parts. It is in this direction, however, that our present information is most deficient. :Naturally, tim more obvious and striking facts of regeneration have been the first to receive attention. The discovery of the finer processes which go on in the living tissues themselves is, irom the very nature of these processes, a thing of considerable difficulty. MORGAN (:01) at the beginning of his chapter on ),The Origin of ~ew Cells and Tissues,< clearly points out the nature of these difficulties.
It is going not too far, perhaps, to say that it is on the side of histogenesis that regeneration offers for solution problems of the most fimdamental importance. The origin of new parts --the relation of regenerated organs to the corresponding old organs; the stability of differentiation in tissues and cells; the bearing" of the facts of regeneration upon the germ-layer theory; the nature of the stimuli operating during regeneration and the responses to these stimuli; the phenomena, in general, exhibited by individual cells in the presence of an emergency threatening the life of the entire organism; --these are among" the problems presented. The rapidly increasing literature dealing with the histogenesis of regeneration bears evidence of the interest in that direction and the growing realization of the importance of the questions involved.
In a previous paper (RA~D, :01) the author dealt with the regeneration of the anterior end of the earthworm, considering especially the changes in cell structure which take place in the course of the differentiation of the nerve cells, and, incidentally, the origin of the elements which give rise to the regenerated nerve cord and supra-oesophageal ganglion. It was found, in agreement with the work of HESCHELER ('98) , that the chief source of the cells which give rise to the regenerated parts of the central nervous system is the thin layer of epidermis which always is present, after several days' regeneration, covering the tissues at the cut end of the worm. The origin of this layer of epidermis was not investigated. If the new epidermis provides most of the material for the regeneration of central nervous organs, its origin is a question of importance. At the freshly cut end of the worm (provided that the cut is behind the pharynx) there are exposed tissues representing all of the embryonic germ-layers. Any one or all of these might contribute to the development of the new epidermis Archly f. Entwicklungsmechanik. XIX. 2 H.W. Rand and, accordingly, it is possible that the regenerated central nervous organs might be either of non-ectodermic or of mixed origin. In the light of the results of the investigations upon regeneration in annelids, it is fairly safe to assume that the new epidermis is derived directly from the old. However, examination of the literature brings to light only brief references to this question. Not only is no adequate description of the manner of formation of the new epidermis to be found, but there is considerable disagreement in the accounts given. It is my purpose in this paper to consider some of the earlier stages in the regeneration at the anterior end of an earthworm from which some six to twelve of the most anterior segments have been removed, with special reference to the formation of an epidermal layer over the cut end. The work was done at the ZoSlogical Laboratory of Harvard University. I am indebted to Prof. E. L. MARK, the Director, for valuable suggestions in the preparation of this paper.
II. Historical.
RA~DOLPrI ('92) describes the regeneration of file tail of Lumbriculus and refers also to regeneration in Lmnbricus. In Lumbriculus, immediately after the cutting away of posterior segments, the cut edges of the body wall curve inwards (probably as a result of muscular contraction), while the wall of the intestine bends outward, thus diminishing the area of the wound surface. >>The next step in development seems to be simple proliferation of the ectoderm and entoderm, although in what way the new tissue arises I am unable to state~ (p. 322). As a result of this proliferation, epidermis and digestive epithelium meet and the continuity of the two layers is re-established.
9 In the regeneration of the tail in Lumbricus, where the process is a very slow one, the union of ectoderm and entoderm takes place only after a considerable growth of each separately<< (p. 322, foot-note).
FRIEDLX~DER ('95) , dealing with the regeneration of excised parts of the ventral nerve cord of the earthworm, describes the healing of the wounds of the body wall. The wound becomes filled with a mass of ceils, probably leucocytes. In a preparation made from a worm of twenty-four hours regeneration, the mass of leucocytes was covered by a layer of ceils with spherical nuclei larger than the nuclei of the leucocytes, and differing from them in structure. Speaking of this layer, F~r says (pp. 255--256) >>man mtichte z. B. an amSboid gewordene Epithelzellen denken, die yon dem Wundrande des normalen Epidermisepithels stammen und vielleicht zur Regeneration der Epithelzellen dieuen kSnnteu,. Further (p. 256), ))in manchen Fallen war deutlich zu seben, wie vom Wundrande~ d. h. dem normalen Epithel aus eine Schicbt immer kleiner werdender Zellen sich tiber einen Theil der Wunde hertiber erstreckte,. ]No mitosis was found in the epidermal cells in these early stages of regeneration. In the older stages an epidermis bearing a cnticula covers the entiro wound and is continuous with the old epidermis. It is~ however~ much thinner than the old epidermis.
RIEVEL {'96) studied the regeneration of the fore and hind guts of several annelids. After the removal of posterior segments from Ophryo~rocha puerilis, a strong contraction of the body musculature reduces the wound area and closes the body cavity. ,Das KSrperepithel schiebt sich nun gleichm~il~ig yore Wundrande her tiber das am Hinterende vorhandene, zarte Mesenchymgewebe, so dab sehon naeh 8 Stunden die gauze Wundfl~che TOn demselben Uberzogen ist,, (p. 293). In ~\Ttis proboscidea the healing of either an anterior or a posterior cut end takes place in a similar way.
In the healing of an anterior cut end of Lumbricus or Allolobophora, >,es bildet sieh yon den Wundr~ndern aus ein helles, durehsiehtiges Gewebe [,Granulationsgewebe'~ welches die Wundstelle tiberbrUekt und das vordere KSrperende verschlieBt,< (p. 320). ,Die Durehsicht der Sehnittserien ergiebt nun, dab sehon naeh kurzer Zeit (vier bis sechs Tagen) die ~,anze neugebildete Knospe yore KSrperepithel tiberzogen ist; an frtiheren Stadien konnte ieh auf Sehnitten keinen EpithelUberzug nachweisen, es zeigte sich immer noeh eine Verbindung des Darmes mit der AuBenwelt; ieh glaube jedoeh annehmen zu dtirfen, dab sehon frtiher wie naeh Tier bis seehs Tagen die Knospe mit dem auBeren Epithel iiberzogen ist, jedoeh ist dies neugebildete Epitbel so zart und mitsammt dem Granulationsgewebe in so dtinner Scbieht vorhanden, dab selbst die grSBte Vorsieht bei der Konservirung eine Kontraktion des Hautmuskelsehlauches und damit eine Sprengung des epithelialen l)berzugs zur Folge hat, (pp. 321--322) . tIEPKE ('97) finds, in Nai, ' , that a transverse cut is followed by a strong contraction of the circular muscles in the vicinity of the wound~ as a result of which, in a few hours, the body cavity is quite closed to the exterior, while the cut edges of the epidermis are brought together and unite over the wound.
2* HAASE ('98) describes regeneration in Tubifex. The surface of a transverse cut heals over in one or two days. Immediately after the cutting, muscular contraction shortens the body wall so that the end of the intestine protrudes. ,Ein VerschluB der BlutgeFM~e wird dadurch hervorgebracht, dab das KSrperepithel sich einwi~rts krUmmt, sich gegen den Darm legt und damit die ()ffnung abschlieBL ferner, dab das austretende Blut gerinnt ...... (p. 225) . Later the intestine is drawn back into the body and ,das K~rperepithel Uber ihn hinwegziehtr Describing the healing of a posterior wound, HAASE says that the epidermis bends inward (zusammenbiegen) until its cut edges meet and fuse so as completely to cover the cut end.
HESCHELER ('98) Die neue Epidermis besteht aufangs und noch l~ingere Zeit aus durchaus glcichartigen Zellen; vor allem lassen sieh keine Drtisenzellen nachweisen; sic wird frUhzcitig von einer Cuticula bedeckt.,, Abundant mitosis is found in the old epidermis and also in the epidermis over the cicatrix after about seven days' regeneration. MICHEL ('98) describes the regeneration of the anterior and posterior ends of a large number of annelids. His account of histogenetic processes is based chiefly upon preparations of Allolobop/~ora foetida. He finds that the area of the transverse wound is contracted by the bending inward of the body walls. Eventually the epidermis and digestive epithelium meet and unite, so that the digestive tube remains open to the exterior, instead of being closed for a time as described by other authors. Concerning the origin of the ectoderm over the wound surface MICHEL says (p. 316): ,,Peu apr~s l'ablation, et m~me avant la r6union des parois du corps et du tube digestif lorsqu'elles sont trop 5cart6es, les parties de l'6pi-derme voisines de la section montrent des indices de proliferation: souvent cette couche est 6paissie jusqu'h une certaine distance, ce qui n'est pus dfi seulement h une l~g~re r6traetion, car elle dcvient en me:me temps multiple par le d6veloppement d'616ments profonds; ou bien, si la forte r6traction des muscles longitudinaux a eu pour effet de d6gager sur les bords de la paroi un lambeau libre d'6piderme, c'est sur lui que se montrent lee effete de la prolif6ration superficielle et profonde. Bien que la raret6 des mitoses malgr6 l'intensit6 de la prolif6ration ne permette pus de pr6ciser absolument son si~ge, rice n'indique qu'elle ne se produise que par l'activit6 de cellules absolument marginales, et au contraire l'aspect d6crit semble montrer qu'elle a lieu sur une certaine 6tendue d'6piderme ainsi rajeuni., ,De cette prolif6ration r6sulte en particulier une membrane 6pith61iale rdunissaut l'6piderme k l'6pith61ium intestinal ..... i p. 319).
Regeneration in several polychactes was studied by SCHULTZ ('99). He says (p. 608): ,In einigen Fi~ll~n sah ich wirklich den Darm sich zurUckziehen, das KSrperepithel sich tiber ihm schlieBen, die Darmwi~nde mit einander verwachsen~, as described by RIEVEL, HAASE, and WAGNER ('97). ),In andern F~tllen sah ich aber oft, bei
Harmothog-Arten sogar fast immer, daft der Darm sieh nicht zurUckzog, das KSrperepithel sich nicht schloB und dab die Darmwande direkt mit dem KSrperepithel verlStheten,, (p. 608), as described by MICHEL. ~othing is said as to any cell proliferation attending either of the methods of wound healing.
According to yon WAGNER (:00), who investigated ,, Reparationsprozesse,~ in Lumbriculus variegates Gr., muscular contraction causes the cut edges of the body wall to curve inward. The intestine is retracted and its cut edges meet so as to close it off from the exterior. The epidermis pushes itself out (~sich .... vorschiebt~, p. 640) over the surface of the cicatrix so as completely to cover the wound. During this process there is no evidence of cell proliferation in the epidermis, so that it appears that ~,die Epidermiszellen dutch Vcrschieben und Strecken th~ttig sind~ (p. 640). Cell proliferation in the epidermis begins only after the wound surface is completely covered by epidermis. RAUES (:01) cut out small pieces of the body wall (Lumbricid~} for the purpose of observing the healing of the wounds. The wound surface, considerably diminished by muscular contraction, is soon covered by a cicatrix composed of a mass of lymph cells. The epidermis at first curls in over the cut circular muscles. Later cicatricial cells appear to push in under the cut edges of the epidermis so as to lift it up and separate it from the underlying circular muscle layer about the entire periphery of the wound, with the result that the old epidermis appears to have advanced bodily inward a short distance over the cicatrix. Meanwhile muscular contraction in the region of the wound so narrows its superficial extent that the cut edges of the epidermis are finally brought into contact and fuse. The wound, 'therefore, is covered by cells of the old epidermis. There is no evidence of cell proliferation in the epidermis until about ten days after the operation, when active cell-division begins in the epidermis in the region of the wound.
All the authors cited agree that the old epidermis is the source of the epidermal layer which first covers the wound or the cicatrix. This is in accord with the results of the more recent observations upon reparation of epidermis and other epithelia in vertebrates. A historical account of the question, for vertebrates, is given by FRAISSE ('85). The belief, commonly held previous to 1880, that a new epithelium might arise by free cell-formation (,freie Kernbildung(~) or as a result of a metamorphosis of leucocytes, gave way in the light of new investigation to the generally accepted belief that a new epithelium arises only from elements of the corresponding old epithelium. FLE)I)HNTG ('80) ably pointed out the weakness of the evidence in support of the free cell-formation theory, as applied to growth of epithelia. FRAISSE, as the result of his own observations upon the regeneration of the epidermis of the amphibian tail, and in spite of the fact that he found no evidence of epidermal cell-division in early stages of regeneration, concluded that, in adults, the epidermis is regenerated by cell proliferation from the old epidermis. In larvae, however, ~nebcn der einfachen Kerntheilung, auch eine freie Kernbildung in einem gleichmaBig Ubcr die Wundflache vertheilten Blastem bei der Epithelregeneration vorkommt ...... (p. 59).
BARFURTH ('90) reinvestigated the regeneration of the tip of the amphibian tail and came to conclusions which agree, in the main, with those of FRAISSE. But, concerning the origin of the epidermis which first covers the wound, BARFL:rcrH differs from F~r on two important points: 1) as to the occurrence of cell proliferation in the old epidermis; 2) as to free cell-formation. The wound surface becomes covered with an epidermis in the course of four or five hours. In answer to the question ~Woher stammen die Epithelzellen der Wunddecke?~ (p. 417), BARFURrH says: >>Sie stammen her vom persistierenden Epithel des Wundrandes, sind nicht etwa durch Theilung aus diesen Epidermiszellen hervorgegangen, sondern haben sieh aus dem Epithelverbande losgelSst, sind embryonal beweglich (amSboid, geworden und schieben sich langsam iiber die Wundfl:dche vor, his sie mit den Zellen der andern Seite FUhlung gewonnen haben. Aber auch dann hSrt der ~achsehub yon Zellen noch nlcht auf, es kommen immcr neue, his eine mehrfache Schicht die Wunde bedeckt., ~o mitosis appears until after the wound surface has become completely covered with epidermis. Concerning free cell-formation BARFURTIt says (p. 421) ~Abweichend yon FI~AISSE gelange ich zu dem Resultat, dab nicht nur bei erwaehsenen Thieren, sondern aueh bei Larven (Siredon, Triton, Rana) eine freie Kernbildung nicht vorkommt., NUSSBAU~ and SIDORIAK (:00) describe the regeneration of the posterior part of the body in embryos of Salmo fa~io. The wound area is diminished by contraction of its edges, and then the epidermis extends over the wound ~durch amSboide Bewegungen einzelner ZcUen, die sich yore Zellenverbande loslSsen und aktiv verschoben werden. Das LoslSsen dieser Zellen und ganzer Gruppen yon Zellen wird dadurch eingeleitet, dal~ zwischen den Zellen Vacuolen hervortreten und ein immer st~trkeres AuscinanderrUcken derselben bedingen~ (p. 650). These vacuoles occur conspicuously in the epidermis over the wound where they owe their origin to the fact that lymph ~zwischen den IntercellularbrUekchen der Epithelzellen in grSBerer Quantit~t sich ansammelt, wesshalb sich diese BrUckchen bedeutend verli~ngern k(innen, (p. 650). The account and figures fail to make it perfectly clear how far the advance of the epidermis is dependent upon a genuine amoeboid migration of its cells, and as to the precise r61e played by the peculiar process of vacuolization.
Returning to annelids, it has been shown that the old epidermis provides the material for the epidermal covering of a wound. But the accounts differ as to the manner in which the reparation is cffected. Is there an actual increase of epidermal material by cell proliferation ? Or do cells of the old epidermis become amoeboid and migrate out over the wound, as suggested by FRIEDLX~NDER? Or is the reparation accomplished ~)durch Versehieben und Strecken~ of the old epidermal layer (yon W.~G~ER)?
The reparative process is not necessarily the same in all annelids. Indeed, from the accounts already given, it is sufficiently clear that the enclosing of the wound surface may be effected, in the smaller annelids, by a much simpler process than in the larger annelids. In Nais, for example, according to I-IEPKE, contraction of the circular muscles brings the cut edges of the epidermis together and they unite, closing the wound. The epidermis during this process is passive. In Lu~nbricidae, however, where the cross section of the body H.W. Rand is considerably greater, muscular contraction only diminishes more or less the wound area. The covering of the wound surface by epidermis necessitates some special activity on the part of that layer. However, different processes have been described for the same or closely related forms. In Lumbriculus, according to RA~DOLe~, the wound surface is covered as a result of epidermal proliferation, while vos W.~GNER finds no evidence of proliferation at early stages of regeneration. In Lumbricidce, RANDOLP~ and MICHEL find proliferation at early stages, while FRIEDLXNDER, HESCHELER, and RABES emphasize the absence of all evidences of cell-division until comparatively late stages of regeneration. It is possible that the reparative processes may vary in individuals of the same species. It is also possible that similar conditions may have received different interpretations.
III. Methods.
The preparations upon which the following description is based were made from beheaded individuals of Lumbrieus and Allolobophora, for the most part Allolobophora. The worms, having been removed from the earth, were kept in glass jars a day or two, or until the anterior part of the digestive talbe was free from eaa'thy material. Then, with sharp scissors, from six to twelve of the most anterior segments were removed. The beheaded worms were kept between sheets of moist filter paper in covered glass jars. The worms were killed at periods ranging from three hours to five days after the operation. Sometimes the entire worm was dropped into the fixing fluid; sometimes a piece about one centimeter long was clipped from the anterior end and dropped into the fluid. Serial sections were made of twenty worms killed within the limits of time stated. In some previous work on regeneration in earthworms, preparations were made including stages of regeneration ranging from seven to forty days. Some reference will be made to these. Altogether, serial sections of forty regenerating worms were studied.
Fixing Fluids and Stains. --A few words about the fixing may be justified, since certain difficulties were met which were least serious with the use of certain fluids. It was found difficult to secure good preparations of the earlier stages of epidermal reparation, owing to the fact that the very loosely aggregated cicatricial tissues which first invest the cut end are exceedingly liable to injury. The same difficulty seems to have been encountered by RIEVEL (see p. 19). Damage due to contact with solid objects could be avoided, but the greatest danger was found to lie in the action of the fixing fluid itself. The immersion of the worm, or piece of worm, in the fixing fluid is followed by more or less violent muscular contraction, as a result of which so much pressure may be exerted at the incompletely healed cut end as to cause a rupture of the cicatricial tissues. It was found necessary, therefore~ to use fluids which penetrate rapidly and kill quickly, since the use of such fluids would be attended by the least possible amount of muscular activity before death. The best results were obtained by the use of volt RATH~S pieric-acetic-platinie chloride mixture (volt RATtt '95), used at a temperature of about 50 ~ C. KLEINE.'~BERG'S picro-sulphuric mixture, used warm, usually caused little mechanical damage, but for cell detail it was for inferior to the voM RATH'S mixture. The-FLEMMI~G and Hna.~IA~ osmic acid mixtures, excellent otherwise, killed too slowly.
The sections were stained with various haematein stains, sometimes in combination with orange-G or eosin. In a few cases, to save time, the staining was done in toto with MAYER'S hydrochloric acid carmine.
IV. Observations.
No information concerning the manner of reparation of the epidermis could be obtained from the living worms. The epidermis which first covers the wound is an extremely thin and delicate layer. The constant moving of the living worms made minute study of the wound surface impracticabie.
Turning to the serial sections, Fig. 1 (Plate I) shows the conditions present at the cut end of a worm killed three hours after the removal of the anterior segments. The figure represents a sagittal section of the cut end. The plane of that cut very nearly coincided with that of an interseg'mental groove. The position of this plane is clearly evident in all the tissues.
The epidermis stops abruptly at the points indicated by the as- The nerve cord appears cut squarely off. The position of the cut is made conspicuous by the abrupt termination of the thick sheath (t,t.). During the three hours which have elapsed since the operation the cut end of the worm has become partly covered over by a cicatrix (cic.) This consists of a thick layer of tissue extending from the cut edge of the epidermis and tim cut surface of the muscle layers across to the cut edge of the digestive epithelium, which curves outward to meet it. The cicatrix, therefore, is an annular cap which completely shuts off the coelomie cavities of tile three injured segments from the exterior. The edges of the cut dissepiments and the end of the nerve cord appear in more or less intimate relation with the inside surface of the cicatrix. It is not my purpose in the present paper to consider the nature or source of the cells which constitute the cicatrix. The cells which first give rise to it are doubtless leucocytes, as generally believed, while, later, cells of other kinds may be present in it. HESCHELER ('98) considers this question at some length.
A small part of the section represented in Fig. 1 is drawn to larger scale in Fig. 2 , to show the cut edge of the ventral epidermis. (The region drawn in Fig. 2 lies directly underneath the cut end of the nerve cord of Fig. 1 .) The sharp bend in the epidermis (Fig'. 2) is at an interseg'mcntal groove. The cicatrix {cic.) consists of an almost solid mass of cells, some of which are spindle shaped with more or less elongated nuclei, while others have nuclei which are more nearly spherical. HESCHELER describes similar conditions. The cicatrix is usually denser toward its outside surface and is there composed, for the most part, of very much elongated cells arranged with their long axes parallel to the surface. Often this arrangement leads to the tbrmation of an extremely compact layer which simulates an epidermis. This condition was more marked in a case to be described later.
The epidermis presents a perfectly normal appearance forward almost to the place of injury. In tbe immediate vicinity of the injury the layer is slightly less compact. Occasionally irregular spaces occur (one of which is shown in the figure). At the extreme edge of the layer the outlines of the columnar cells are often less distinct or quite lost. The cut surface of the epidermal layer is in close contact with the cicatricial mass, but nevertheless the two tissues are quite distinct. There 'is nothing to suggest that the epidermis has taken any part in the formation of the cicatrix, and, on the other hand, there is no evidence of processes tending toward the formation of an epidermis over the cut end.
At the stage represented in Fig. 1 , therefore, no true regeneration has yet taken place. There has been simply a closing of the wound by means of the cicatrix, as a result of which the injured tissues are covered over by healthful tissue. There has been reparation only to the extent of protecting the worm from such further injury as might come through an open wound, while there has been no reparation of the injured organs themselves.
In Fig. 3 (Plate I) is represented a sagittal section through the anterior end of a worm killed twenty-three hours after the operation. The cut fell through the hinder part of the pharynx. The digestive tube is slightly protruded and the pharynx epithelium turns outward so as to diminish, to a large extent, the actual wound surface. The epithelium which is represented as continuous with the layer bounding" the lumen of the digestive tube and extending dorsally to the points marked by the dagger (t), is unmistakably pharynx epithelium, for it still bears the cilia and behind it is a considerable mass of the pharynx musculature (mu.phyx.). The pharynx epithelium extends much farther dorsally than ventrally.
The cut surfaces of the circular and longitudinal muscle layers are sharply marked in the preparation. There is an annular cicatrix similar to that described in the preceding stage. The cicatrix extends from the cut muscle layers across to the end of the digestive tube on the ventral side, and to the pharynx musculature on the dorsal side, thus closing off the coelomic spaces from the exterior. The extent of the cicatrix is much diminished dorsally owing to the part which the pharynx epithelium has played in decreasing the wound surface. The dorsal part of the cicatricial mass is less solid than the ventral part. However, the intire cicatrix pocesses a fairly compact superficial layer consisting of spindle-shaped cells, lying with their long axes parallel to the surface. The nerve cord ends against the inside surface of the cicatrix. At the place where the nerve cord was cut, the thick sheath ends abruptly, its cut edge curling outward. Fig. 6 gives an enlarged view of the end of the nerve cord and the adjoining region of the cicatrix. Immediately behind the ventral cut edge of the sheath may be seen several ganglion cells. The appearance of the nerve cord is rendered remarkable by the presence of numerous small nuclei which are distinctly different from the nuclei of the ganglion cells. Although nuclei similar to these small ones may be found occasionally in the normal nerve cord, they never occur in such abundance. Posteriorly from the cut end of the cord these small nuclei diminish in number until, in the course of five or six segments, the cord resumes its normal appearance. The nuclei, which appear precisely like those found in the cicatrix, are usually spherical or ellipsoidal, except at the extreme end of the cord where they are very much elongated and arranged with their axes lying in curving lines in a manner best understood by reference to the figure. The resulting appearance suggests a flowing or migration of cells (leucocytes?) from the nerve cord out into the cicatrix. However, the fact that the bulk of the cicatrix diminishes, after the first few hours of reparation, favors the view that these cells are migrating from the cicatrix into the nerve cord. It is hoped that more light on this question may be gained in connection with some further work which is being done.
Turning the attention to the epidermis, it is to be noted that the edge of the epidermis no longer occupies the same position, with relation to the cut muscle layers, that it did in the case represented in Fig. 2 . The epidermis of the dorsal side of the section represented in Fig. 3 appears to extend some distance over the cicatrix, ending at the point indicated by the asterisk. On the ventral side of the section the epidermis projects only slightly beyond the cut surface of the muscle layers.
Posterior to the cut surface of the muscle layers, the epidermis presents an appearance which is normal except in one respect. The normal epidermis consists of a single layer of tall columnar cells, with numerous ~basal, cells packed in about their inner ends. The columnar cells have large nuclei, usually with a single prominent nucleohs, while the basal cells have smaller nuclei lacking a prominent nuclcolus. The epidermal layer is of fairly uniform thickness except where it bends into an intersegmental groove. Toward the bottom of a groove it becomes considerably thinner. The surface of the epidermis is smooth and covered by a thin cutieula. In the case represented in Fig. 3 , the epidermis, for some distance back of the plane of injury, presented an abnormal condition, in that its surface was not smooth, but, on the contrary, marked by prominent elevations and depressions. The appearance of the layer, as seen in section~ suggested the presence of numerous papillae of varying diameter. However, by superposing camera outline drawings of the epidermis of successive sections of the same segment, it became evident that the elevations and depressions represented sections through transverse ridges and furrows. Single furrows were traced for distances varying from 70 to 600 micra. The transverse furrowing of the epidermis was more conspicuous on the dorsal side of these sections than on the ventral side (see Fig. 3 ), and, furthermore, it was most marked in the more anterior segments. Passing posteriorly, the furrows diminished in frequency and depth. A part of the epidermis from the dorsal side of the first segment back of the injured one is drawn ~o larger scale in Fig. 18 (Plate III).
The dorsal edge of the epidermis, from a section a little to one side of the section drawn in Fig. 3 , is represented on a larger scale i'n Fig. 4 . This figure includes a small part of the two muscle layers, in the region of their cut surfaces, and the adjoining extreme dorsal part of the cicatrix. This region of the cicatrix exhibits the thin compact outer layer of spindle-shaped cells, except where it is covered over by what appears to be an extension of the epidermis. Deeper in the cicatrix there is a fairly definite sheet of elongated cells extending forward from the cut ends of the longitudinal muscle fibers, the cells having their long axes lying in the same general direction as that of the longitudina! fibers. This relation of cicatricial cells to the longitudinal muscle layer was not peculiar to this one section, but was constant throughout the series and commonly found in other preparations. Still deeper in the cicatrix are irregular masses of cells with nearly spherical nuclei.
The relation of the epidermis to the cicatrix is very unlike that described for the three hour stage. In Fig. 2 (three hours) the cut surfaces of the epidermal and muscle layers are in the same plane --the plane of the cutting. In Fig. 3 (twenty-three hours) the epidermis no longer ends abruptly against the cicatrix. At the very edge of the cut muscles, the epidermis is lifted up slightly from the surface of the circular layer, and in the cleft between the two lie scattered cells whose nuclei are similar to the nuclei of the basal cells of the epidermis. Extending forward from the plane of the cut surface of the muscle layers and overlying the periphery of the cicatrix, there is a mass of cells directly continuous with the epidermis and unmistakably of epidermal character. Immediately over the ends of the muscle layers the epidermis is very thick (Fig. 4, a) , owing to the height of the columnar cells. Just behind i) this thick region there is a shallow furrow, while in fi'ont of it is a very narrow and deep furrow. Underneath the deep furrow is a single compact superficial layer of cells whose nuclei, in size and in the presence of a distinct nucleolus, are like those of the columnar epidermal cells. In front of the deep furrow is a thick mass of cells (~) with nuclei of the same character. In this mass, moreover, cell outlines are faintly visible, indicating that the mass (except, perhaps, its deeper part) is composed of tall columnar cells, and the nuclei, except same of the deeper ones, are correspondingly elongated.
Continuous with the mass fl and in fi'out of it is a thinner mass of cells (7) with large, nearly spherical nuclei, most of which contain a single conspicuous nucleolus. This marginal cell-mass exhibits no definite cell outlines. The nuclei are invested with irregularly shaped bodies of cytoplasm; generally it is difficult or impossible to determine the limits of the cytoplasm belonging to any particular nucleus. The outer ends of the columnar cells of masses a and fl are sharply outlined, as if covered by an extremely delicate cuticula, but the outer surface of the mass 7 is not clearly defined. Its cells appear to lie quite fi'ee and exposed to the exterior. The nuclei are sharply distinguished in size, shape, and the presence of a distinct nuclcolus, from those of the underlying cicatricial cells. In many of the sections 1) In describing the regenerating epidermis, terms of orientation will be used in their morphological sense. A direction in the epidermal layer and toward its cut (anterior) edge will be called anterior (or an equivalent term), the reverse direction posterior, regardless of the actual relations of these directions to the longitudinal axis of the worm. a more or less open space or cleft between the cell mass in question and the underlying cicatrieial ceils renders more conspicuous the different nature of the two layers. It is possible that the cleft was produced accidentally subsequent to the killing of the worm. Even so, it would serve to show that the cell mass ~ was more firmly united with the mass p' than with the underlying mass of spindleshaped cells.
All the appearances indicate that the mass 7 is unlike the underlying" tissue, while it is much more intimately connected with the mass fl; furthermore, the mass fi is beyond doubt epidermis. The mass 7, therefore, is to be regarded as epidermis; it is the marginal region of a sheet of epidermis which is advancing over the surface of the cicatrix.
A careful examination of the sections failed to reveal the slightest evidence of cell proliferation in any of the tissues in the region of the wound and for a considerable distance back of the wound.
A more advanced condition in the reparation of the epidermis was found in a worm killed seventy-five hours after the operation. A sagittal section of the wounded end of the worm is represented in Fig. 7 (Plate II). In most respects the section exhibits conditions very similar to those seen in Fig. 1 (three hours). There is no evidence of regeneration of the musculature. The muscle layers end abruptly at the place of injury. The digestive tube is protruded and opens to the exterior, the mouth of the lumen being partially obstructed by projecting folds of the digestive epithelium. A mass of cicatricial material, rather loosely aggregated and more or less interrupted by spaces except for its compact superficial layer, fills the space between the cut surface of the muscle layers and the protruded digestive tube. The nerve cord, toward its cut end, contains small nuclei like those shown in Fig. 6 , but they are less abandunt. There is, moreover, an appearance of a flowing of material (including these small nuclei) either from the cut end of the nerve cord out into the cicatrix, or in the reverse direction, but it is less marked than in the case previously described tFig. 6).
As regards the epidermis, examination of the section with low power reveals the fact that the peripheral one-third to one-half of the cicatrix is covered by a thin layer of tissue which is continuous with the thick epidermis lying behind the wound. This preparation included about nine segments. The epidermis of all the segments H.W. Rand exhibited deep transverse furrows which, however, became less frequent posteriorly. The region in Fig. 7 indicated by the numeral 8 is drawn to larger scale in Fig. 8 , The figure includes a small part of the circular muscle layer, the adjoining dorsal edge of the cicatrix, and the overlying epidermis. Of that part of the circular muscle layer represented, the slightly convex surface on the side toward the epidermis is the uninjured outer surface of the layer; the cut surface of the layer makes nearly a right angle with the outer surface, facing ventrally and toward the cicatrix (see Fig. 7 ). Close against the cut surface of the circular layer is a group of spindle-shaped cells with much elongated, deeply stained nuclei. The cells lie in a direction parallel with the cut face of the muscle layer. This group of cells is traceable to the cut ends of the longitudinal muscles (not shown in Fig. 8 ) as can be seen in Fig. 7 . The remaining" cells in this region of the cicatrix have, for the most part, small nearly spherical nuclei.
In the immediate vicinity of c~ (Fig'. 8 ) the columnar epidermis cells lie not perpendicular to the surface of the muscle layer~ but their axes are directed obliquely forward and outward. This obliquity of the cells increases toward the cut edge of the muscle layer. Beginning at a, and anterior to that point, the epidermis is lifted away from the surface of the muscle layer, so that, at the region marked fl, a deep cleft intervenes between epidermis and muscles. The entire thickness of the epidermis, including most of the basal cells, but perhaps not all of them, is thus lifted away from the basement membrane. In the widest part of the space between the uplifted epidermis and the muscle layer is a mass of cells which, so far as appearance is concerned, might be either basal epidermal cells or eicatricial cells. The fact that, in the preparation, this mass is fairly distinct from the uplifted epidermis and is directly continuous with the cicatrix makes it probable that the mass is composed of cicatricial cells which have made their way into the space. Both HESCHELER ('98) and l~ABES (:01) describe a similar condition of the epidermis at the edge of a wound.
The cut edge of the epidermis must have been originally in the same plane as the cut surfaces of the muscle layers, --that is, the epidermis must have terminated approximately at the place marked by ft. At this stage of reparation, however, there extends forward fi'om the region fla cell-layer continuous with the epidermis and, whatever its origin, obviously of epidermal nature. The thickness of this layer out almost to the point 7 corresponds to that of the normal epidermis.
The layer is a compact one, easily distinguishable from the underlying tissue. As far forward as the bottom of the furrow between fi and 7 it is composed of cells of the two kinds characteristic of the normal epidermis, --the outer culumnar cells and the deeper basal cells. Between 7 and the bottom of the furrow, the layer becomes thinner, owing in part to the increasing scarcity of basal cells, and in part to the diminished height of the columnar cells. The columnar shape of the cells in this last mentioned region is evident. The cells are nearly perpendicular to the surface of the layer, but diverge slightly toward their deep ends, so that here they are distinctly separated by spaces, whereas their outer ends are packed together closely. At the point 7 the layer bends at a right angle and continues out over the cicatrix to the point indicated in Fig. 7 by the asterisk.
Beyond 7 the layer consists of a single row of cells of peculiar appearance. The nuclei ~ary from nearly spherical to quite elongated forms and, with few exceptions, each contains a single large nucleolus. In all respects they are like the nuclei of the columnar cells of the normal epidermis. Each nucleus is surrounded by a somewhat indefinite mass of cytoplasm, which is accumulated mainly upon the outer side of the nucleus, so that the layer presents to the exterior a perfectly smooth and unbroken surface. Upon its deeper side the layer is extremely irregular, owing to the spaces left between the sharpened and tapering inner ends of the cells. Between this layer and the underlying cicatrix there is more or less space devoid of nuclei. Fig. 9 represents the extreme outer edge of this epidermal sheet, as seen with a LEITZ 1/~2-inch oil immersion lens. The figure is from a camera drawing. The asterisk indicates the point corresponding to the dorsal one similarly marked in the Fig. 7 . The nuclei, except for occasional anomalous forms (perhaps due to the degeneration of gland cells?), are distinctly like those of the columnar epidermal cells, and in sharp contrast to the smaller cicatricial nuclei below them. In the section drawn, a characteristic epidermal nucleus lies at the very edge of the layer, while close underneath and in advance of it is a group of cicatricial nuclei. The cytoplasm belonging to the nuclei at the edge of the layer is in extremely irregular masses characterized by ragged processes. The nuclei lying at the extreme margin of the epidermal layer are either spherical, or elongated in a direction parallel to the surface, but never in a direction perpendicular to the surface, like some more remote from the edge. A few nuclei were observed which appeared to Archiv f, Entwicklungsmechanik. XIX.
"-~ possess peculiar processes extending toward the surface of the layer and connected with the surface by extremely delicate fibrils. Two such nuclei are shown in Fig. 9 , near the middle of the figure. A cuticula of normal thickness is present over the epidermis out as far as the point 7 (Fig. 8) ; in the region of 7 it becomes thinner and less conspicuous. At a little distance beyond 7, toward the edge of the epidermis, this thin cuticula appears slightly lifted up from the surface of the epidermal cells and ends there abruptly. From that point out to the edge of the epidermal sheet no cuticula of visible thickness is present, but yet, as already stated, the cell layer has a perfectly smooth outside surface. Fig. 10 (Plate II) represents a sagittal section through the anterior end of a worm killed 123.5 hours after the operation. The muscle layers end abruptly where originally cut, as in the previously described cases. The digestive tube is not open to the exterior. The cut edges of its walls curl inward and its lumen is partly obstructed by folds of the walls. The entire wound surface is covered by a circular cap of tissue, which closes off the cut end of the digestive tube, as well .as the ccelomic space which was opened by the cutting. The deepest part of this circular cap consists of a fairly compact sheet (cic.') of more or less spindle-shaped cells similar to those seen in the cicatrices of the earlier stages. This layer of cells connects the cut surfaces of the muscle layers and lies close against the end of the digestive tube.
An unbroken sheet of epidermis completely encloses the original wound surface. Between the epidermal layer and the deep sheet of cells just mentioned, there is a considerable space partially filled by scattering cells, or groups of cells, of the cicatricial type, and by large masses of structureless material, apparently coagulum.
The epidermis back of except for the presence of dermis covering the wound tra!ly. In the region of the the plane of the wound appears normal an occasional shallow furrow. The epiis considerably thicker dorsally than yencut surface of the muscle layers, on the dorsal side of the section, conditions are essentially like those represented in Fig. 8 . Over the dorsal region of the wound the epidermis is much wrinkled. It is a thicker and more compact layer than that represented in Fig. 9 , being composed of a single layer of columnar cells, which are longer than those of Fig. 9 and possess larger bodies of cytoplasm. These cells lie with their outer ends closely packed together, while their inner ends, in the form of long slender processes~ project irregularly into the underlying space. ~qear the center of the circular cap of epidermis covering the wound, there is a thick mass of cells (tool.el.) . The single layer of columnar cells described as constituting the more dorsal part of the epidermal cap can be traced continuously over the surface of this thick cell-mass. Most of the deeper nuclei of the mass are of doubtful nature. They are smaller than the typical epidermal nuclei and lack the prominent nucleolus, resembling, therefore, either the nuclei of the normal basal cells or some of the cicatricial nuclei. But within the mass there are also many larger nuclei with nucleoli; these nuclei resemble those of the columnar epidermal cells. These conditions suggest the process described by HESCHELER, who found that cells leave the epidermis and sink into the cicatrix, providing elements which take part in the regeneration, especially of the nervous system.
The ventral half of the epidermal cap has an unwrinkled surface and is much thinner than the dorsal half. Toward the ventral muscle layers it thickens gradually until it attains the thickness of the normal epidermis. Fig. 11 shows, on a larger scale, the region indicated by the dagger (t) in Fig. 10 , the daggers in Figs. 10 and 11 marking corresponding points. Examination of the section from which Fig. 10 is drawn reveals the fact that the cut surfaces of the muscle layers no longer occupy their original positions. Immediately after the cutting, these cut surfaces must have been in planes approximately transverse to the long axis of the worm. Owing chiefly to the fact that, after the cutting, the entire body wall bends sharply inward, with the result that the wound area is decreased, the cut surfaces of' the muscle layers come to face inward rather than anteriorly. The cut surfaces (heavily shaded in the figure) of the muscle layers on the ventral side, in Fig. 10 , have a position approximately parallel t.o the ventral surface of the nerve cord. Fig. 11 shows the outline of a small part of the circular muscle layer (muscle fibers are not represented). The surface (indicated by c~ in the figure) covered by epidermis is the original outer uninjured surface of the muscle layer. Careful examination of the preparation shows that the surface indicated by fl is also part of the uninjured exterior surface of the layer, while the surface marked y is a cut surface. Along the surface fl the fibers show no signs of injury and appear as if covered by a smooth membrane like that over a. But along the surface 7 there is no limiting membrane and there is much mutilation of the 3* H.W. Rand fibers. The surface fl, therefore, must have been covered originally by epidermis. The epidermis over a appears normal, except that its columnar cells are oblique to the basement membrane and their axes are curved, being convex anteriorly. Continuing forward, the epidermis springs away from the surface of the circular muscle layer and, bending at something of an angle with its former plane, extends, as an unbroken sheet diminishing in thickness, over the cicatricial tissues. The decrease in thickness of the epidermis after it leaves the surface of the muscle layer is due in part to the scarcity or absence of basal cells, and in part to the fact that the columnar cells are more and more oblique to the surface of the layer, the greater the distance from the edge of the muscle layer. The obliquity increases until the cells lie almost parallel to the surface of the epidermis, and finally, over a region just below the central thick cell mass described on page 35, the epidermis appears as an extremely thin layer, whose cells and nuclei are much elongated and lie with their long axes parallel with the surface (Fig. 13 , which is from the corresponding region of another preparation of the same age, and in a similar stage of reparation).
A condition of the epidermis similar to that just described was found in a worm which was killed 75 hours after the operation. At the center of the surface of the cicatrix the epidermis consisted of a single layer of somewhat elongated cells lying parallel to the surface of the layer. At one place this delicate sheet appeared to have been torn away aeeidentally from the underlying tissue, which fact caused the character of the epidermal cells to appear to the greater advantage. Fig. 14 represents three of these cells. Most curious is the end-to-end relation of the cells and the condition of the cuticula. There is a distinct layer of euticula over each celt and the thickness of the cuticula varies with the thickness of the underlying cytoplasm, being thickest over the center of the cell and thinnest at the edges. The cells appear to hang together by the cuticula rather than by the extremely thin film of cytoplasm which often can be distinguished extending from one cell to another.
The columnar cells around the margin of the cicatrix lean, as already described {Fig. 11), with their outer (eutieular) ends directed forward. In some eases, where the epidermis has largely or entirely covered the cicatrix, the very mueh flattened epidermal cells lying near the central region of the cicatrix present the reverse condition in that their inner surfaces are in advance of their cuticular surfaces.
In such cases, between the marginal and central regions of the cicatricial surface, there is a zone within which the epidermal cells exhibit an indifferent position, having no slope or trend either the one way or the other. Cell outlines in this region are usually very indistinct. These conditions are illustrated by Fig. 12 , which shows the various forms and positions of the epidermal cells occupying the dorsal third of the cicatrix of a worm killed 123.5 hours after the operation. Figs. 13 and 14 show, on a larger scale and more accurately, the condition of epidermal cells lying on or near the central region of the cicatrix. The arrows in Figs. 12--14 point toward the center of the cicatricial surface.
Returning to Fig. 11 , it will be seen that cells, more or less scattered, occur at the surface fl of the muscle layer, lying in the angle ibrmed by this surface with that part of the epidermis which extends forward beyond the edge of the muscle layer. Of these cells, all those which lie exterior (toward the epidermis) to the point marked in the figure by the asterisk, have their long axes directed obliquely outward toward the epidermis and lying in the same general direction as that taken by the axes of the culumnar epidermal cells. Many of these cells have nuclei of the epidermal type. The position and character of these cells indicate that they are cells which originally were in the epidermal layer covering that part of the surface ~ exterior to the asterisk. The epidermis which originally lay upon this surface has detached itself from it and the columnar cells are advancing" over the surface of the cicatrix. Most of the cells lying interior to the point marked by the asterisk are of extremely attenuated form, with elongated nuclei, which stain homogeneously dark. These cells constitute the ventral periphery of the mass which was described (p. 34) as forming the compact deepest layer (see Fig. 10 cic.') of the cicatricial cap. :No nuclei of epidermal type were found among these cells. Finally, it is to be noted that the point in Fig. 11 marked by tile asterisk is very near the line where the uninjured surface of the muscle layer meets the cut surface. The significant fact here is that from the uninjured (epidermal) surface of the circular muscle layer epidermal cells are traceable out into the epidermal layer lying on the cicatrix, while from the adjoining cut surface of the circular muscle layer non-epidermal cells (leucocytes?) are traceable into the cicatrix. The first conclusion to bc drawn from the observations is in entire accord with the results of previous investigation: --1) The reparation of the epidermis is effccted by the already existing epidermis.
As already pointed out (pp. 23--24), mere contraction of the muscular body wall plays an unimportant part in the closing of the wound, because of the comparatively large cross-section of the worm. In all cases there is a considcrable cicatricial surface which, as events prove, is destined to be covered by an epithelial layer. The outer compact layer of the cicatrix doubtless serves physiologically as a provisional epithelium. The epidermis is the only tissue which contributes to the formation of the epidermal layer which first covers the wound or cicatrix. (A possible exception to this statement is discussed below.) At all stages of reparation, that part of the epidermis which is in process of reparation is in direct continuity with the epidermis back of the plane of cutting, while it is easily distinguishable and clearly marked off from all underlying tissue. Furthermore, the cells of that part of the epidermis which is undergoing" reparation are similar in appearance to cells of the normal epidermis and totally unlike the nearest cells of the underlying tissue. The reparation is effected by either the growth or the extension of the old epidermis.
It is true that the condition seen in Fig. 3 suggests another possibility. In this case a large part of the wound surface is covered by pharynx epithelium. May not this cverted sheet of ciliated epithelium become converted into an exterior layer of epidermis ? This event is, perhaps, rendered the more likely by the fact that the pharynx epithelium is derived from the ectoderm (WILSOS, '89). The preparations justify no decided answer to the question. The case mentioned is the only one in which the cut was made so far forward as to leave behind it part of the pharynx, and it is the only one in which the walls of the digestive tube played any important part in the coveting of the wound surface. Therefore, the possibility of pharynx epithelium becoming converted into epidermis must be admitted, but that any cndodermal portion of the walls of the digestive tube should be converted into epidermis is entirely unlikely, both upon a priori grounds and upon the evidence afforded by th~ preparations.
2) The wound surface becomes completely covered by an epidermal layer derived from the existing epidermis, without the occurrence of cell proliferation in that layer. Examination of the preparations with high power, section by section, failed to disclose any evidence whatever of cell proliferation in stages of reparation between three hours and five days after the operation. There were, in these stages, no objects in any region of the epidermis which possibly could be interpreted as cells undergoing mitosis, nor were there any signs of amitotic processes. ~ot only in the epidermis, but also in the cicatrix and in the tissues of all the organs in the vicinity of the wound, evidences of cell division were totally absent. In animals killed seven days after the operation many mitotic cells were found, not only in the epidermis over the wounded end, but also in the epidermis back of the plane of cutting, as well as in the tissues of other organs. (For a description of mitoses among the columnar and basal epidermal cells, see RAND,-:01.) Conclusions 1) and 9.) lead to the third --3) that, when six or more segments are removed from the anterior end of an earthworm, cells of the existing epidermis~ without the occurrence of cell-division, move forward and cover the wound surface with an unbroken epidermal layer, which is at all times continuous with the epidermis posterior to the plane of cutting. How is this transference of cells effeeted?
Many of the sections of earlier stages show the epidermis about the periphery of the wound surface projecting more or less (usually but slightly) beyond the cut surface of the circular muscles, with no material change in the thickness of the layer, and with no striking alteration in the shape and general appearance of its cells, except such as may be due to the furrowing of the layer. This condition might result either from a shoving forward of the epidermis over the muscle layer, or from a withdrawal of the muscles within the epidermal wall. In Fig. 4 (Plate I) the epidermal mass fi has moved forward to its present position from a former position posterior to the plane of cutting. The sharp depression between a and fl is a transverse furrow similar to those which occur further back. The shape and general appearance of the cells in fi indicate that they have suffered no great change except that of position. In Fig. 8 (Plate II) the epidermis extends forward as far as the bottom of the furrow between fi and 7 without material chango in appearance.
It. W. Rand
This projecting forward of the old and unaltered epidermis over the periphery of the cicatrix results, to a certain extent, from a slight withdrawing and inbending of the cut surfaces of the muscle layers, accompanied by an uplifting of the overlying epidermis and its separation from the surface of the circular muscles. But in addition to these changes, there is, in some cases, in the vicinity of the wound, clearly a general fbrward shifting of the epidermal layer with relation to the circular muscle layer. However, careful examination of the sections leads to the conclusion that never more than the extreme outer margin of the cicatrix is covered as the direct result of a bodily forward movement of unchanged epidermis,-that is, by such a movement as might result from merely a general expansion of the layer. On the contrary, the epidermis in the immediate vicinity of the cut surface of the muscle layers generally exhibits certain changes which obviously are connected with its extension over the cicatrix.
What is the nature of these changes? Very comnmnly, in the epidermis near the wound, the axes of the columnar cells are slightly curved~ being convex anteriorly (see Figs. 8 and 11) . This condition appears to be such as might result from the action of some force tending to move the epidermal cells forward while their ends are held back,-their outer ends by adhesion to the cuticula, and their deeper ends, perhaps, by entanglement with the basal cells or by attachment to the basement membrane. Furthermore, the columnar cells become oblique to the basement membrane, their outer ends leaning forward. (See FRIEDLXNDER, '95: p. 256 .) The cells are no longer closely packed together, but become more or less separated, especially toward their deeper ends, distinct spaces appearing between them (see Figs. 8 and 11 , Plate II). These spaces are due, at least in part, to the fact that the cells become more slender toward their deeper ends. Their outer ends, being of greater cross section, always remain nearly or quite in contact. Approaching the advancing edge of the epidermis, the thickness of the layer decreases, owing to the increasing obliquity of the columnar cells (see Fig. 11 )~ or to the absence of basal cells (Figs. 4, 8, 9 and 11), and sometimes, apparently, owing to a decrease in the volume of the cytoplasm (Figs. 8  and 9 ). The nuclei, however, never show marked change in volume.
In sagittal sections of some worms there is a distinct difference between the dorsal sheet of epidermis which is moving downward over the cicatrix, and the ventral sheet which is moving upward.
The epidermis over the dorsal region of the cicatrix is a thicker layer, since its cells retain something of the columnar form and have their long axes directed toward the surface of the layer (see Figs. 8  and 9 ). At the very edge of the epidermis, dorsally, there is often to be seen a group of cells whose nuclei identify them as modified columnar cells. These marginal cells, however, have entirely lost the columnar form, appearing as cells of irregular shape and indistinct outlines, with large nearly spherical nuclei (see Fig. 4, 7, and Fig. 9 ). Their appearance recalls FRIEDLX~'DER'S suggestion as to amoeboid epidermal cells. Over the ventral part of the cicatrix the layer is thinner, consisting of cells lying with their long axes very oblique or parallel to the surface (Figs. 11 and 13 ). The layer becomes thinner toward its margin and at its very edge exhibits no special modification, being composed of cells which are very much elongated and flattened closely against the surface of the cicatrix. The furrowing of the thicker epidermis at the margin of the cicatrix was usually more marked dorsally than ventrally (notice Figs. 3, 4, 7, 8, 10 and 11) .
The conditions which have been described indicate clearly that this reparative process exhibited by the epidermis consists, for the most part, not in a gross pushing forward of an unaltered preexisting epithelial layer across a cicatricial surface. On the contrary, the process is one which involves special activities on the part of individual epidermal cells, resulting in profound modifications of that region of the epidermis which is immediately concerned.
There may be distinguished, somewhat artificially, perhaps, two processes in the covering of the cicatrix by the epidermis; an earlier process in which there is a bodily movement of the epidermis, involving (except for the furrowing') only slight changes in the form and mutual relations of its cells; and a later process, in which, instead of a movement of the epidermis bodily, there is a mo,~ement of the columnar cells individually, involving radical changes in their form and relations. In the latter process the basal cells take no part. Figs. 3 and 4 show the epidermis advanced by the first process. In Fig. 8 , the point 7 marks the region to which the epidermis has advanced by the first process, while beyond 7 the cells are advancing individually --the second process. In the case of Fig. 10 , both processes have been involved dorsally, but ventrally (as better seen in Fig. 11 ' the first process seems to have played an unimportant part. It is probable that the two processes overlap in time, so that the bodily movement of the epidermis continues for some time after the cells at its margin have begun to separate and move forward individually. The distinction between the two processes is not a sharp one; they are better regarded, perhaps, as two phases of the same process.
What is the meaning of the transverse furrowing of the epidermis (see p. 29)9 The furrows are deeper and more numerous in the more anterior segments and commonly involve that part of the epidermis which has come to overlie the margin of the cicatrix (see Figs. 3, 4, 7, 8 and 10) . This region of the epidermis, furthermore, is generally marked by sharp elevations and depressions even when the surface of the epidermis back of the plane of cutting is of normal smoothness (see Fig. 10 , dorsal region of cicatrix). In many cases the furrows in the epidermis at the edge of the muscle layer become less regularly transverse and merge gradually into longitudinal furrows as the epidermis bends over the margin of the cicatrix. Sometimes these longitudinal furrows occur when the epidermis elsewhere is smooth. RAB~S (:01) mentions a folding of the epidermis in the vicinity of the edges of a wound and attributes it to a contraction of the circular musclcs.
That the furrowing or wrinkling of the epidermis has anything to do with the forward extension of the layer is not certain. The longitudinal wrinkling about the margin of the wound might be explained as due to shrinkage in killing. The transverse furrows do not admit so readily of that explanation. Transverse furrowing in the epidermis was well marked in seven worms. In two of these, the epidermis was otherwise unchanged and had not begun to cover the cicatrix (Fig. 1) . In three cases the epidermis incompletely covered the cicatrix (as in Figs. 3 and 7) , and in these three cases the furrowing was more pronounced than in any of the others. In one worm the cicatrix was nearly, if not quite, covered by epidermis, and there was a fairly strong wrinkling of the dorsal epidermis of several segments. In the seventh case, the cicatrix was completely covered by epidermis and there were only some shallow furrows on the dorsal side of the most anterior segments. No conspicuous transverse furrows were found in any case where the cicatrix was completely covered by epidermis. Fig. 17 (Plate III) represents the outlines of the ventral epidermis of the first twelve segments of a worm killed twenty-three hours after the operation. Reparation of the epidermis had not begun. In the first and second segments back of the wound ther~ are numerous deep furrows. The most anterior depression in the first segment (marked c~ in the figure) represents an oblique section through a furrow which runs almost longitudinally forward, and is traceable in adjacent sections quite to the cut edge of the epidermis. In the third segment the furrowing is less marked. In the next four segments the epidermis is smooth, except for a groove which occurs regularly at the middle of each segment, and irregularities of outline in the intersegmental regions. In segments eight to eleven, inclusive, there are from two to four grooves in each segment, besides the irregularities at the ends of the segments. Each of the next two segments resembles the twelfth in having a single furrow in the middle. The sections included only fourteen anterior segments. A single groove in the middle of a segment, or sometimes two grooves per segment, are often observable in the epidermis of a living uninjured worm, when the epidermis is not stretched tight by the extension of the animal. The conditions presented by most of the segments back of the third, therefore, can not be considered abnormal, except for the irregularities in the intersegmental regions. In other cases, all of the first eight or ten segments back of the wound exhibited numerous deep furrows. Fig. 18 shows the relation of the epidermal cells to the furrows. The thickness of the normal epidermis ~aries, necessarily, according to the state of extension of the animal. It is difficult, therefore, to make comparisons as to the thickness of the epidermis. However, in regions where furrows were numerous and deep, the epidermis between furrows generally appeared unusually thick. This would necessarily be the case unless the furrows resulted from the actual removal of material fi'om the epidermis, which is entirely unlikely. The increased thickness of the epidermis between the furrows is further evidenced by the shape of the columnar cells, which are unusually attenuated, with their nuclei correspondingly elongated. The furrows do not interrupt the layer of columnar cells, for, beneath each furrow, in addition to the deeper basal cells, there is present an outer layer of cells with large nuclei which are similar to those of the normal columnar cells but approximately spherical in form. These cells obviously are columnar cells which have become relatively short and thick. The furrows, therefore, involve a change in the shape of all the columnar cells.
The axes of the tall cells are more or less curved in such a way that the cells collectively conform in shape to the shape of the thick epidermal ridge between two successive furrows. The cells lying nearest the furrow commonly have their axes concave toward the furrow. The curvature affects most the outer ends of the columnar cells. In the case of the cells in the anterior walls of two of the deeper furrows represented in Fig. 18 , the curvature of the outer ends of the axes amounts to nearly a semicircle.
The fact that the transverse furrowing of the epidermis is most marked in the more anterior segments of worms in which the reparation of the epidermis is in rapid progress favors the view that the furrows are connected in some way with the forward extension of the epidermis. In opposition to this view stands the fact that in five cases where extension of the epidermis was in progress, no transverse furrows were present. In these cases the fixing and treatment generally were the same as in the cases where the furrows appeared.
The advance of the epidermis over the cicatrix appears to be participated in by only the undifferentiated columnar cells. ~o gland cells are to be found in the epidermis which first covers the cicatrix, nor are such cells found very near the edge of the cicatrix. Gland cells, as the neighboring cells move onto the cicatrix, must either disappear, or become inactive and indistinguishable from the undifferentiated cells.
After the epidermis has completely covered the wound surface, it remains for several days a single layer of cells, derived from and representing the columnar layer, no basal cells being present. There is the greatest possible variation in the general appearance of the layer, depending upon the nature of its cells. All conditions are found, from that of a thin, fiat, but solid epithelium (Fig. 13, Plate II) , to that of a loose layer of tall ceils with expanded outer ends and attenuated deeper ends. Fig. 15 (Plate III) represents an extreme case of the latter condition found in a worm killed twenty-three hours after the operation, --a case of unusually quick reparation. No cuticula of visible thickness is present over the cells. Nevertheless their expanded and contiguous outer ends form a perfectly smooth surface. Their slender deeper ends are more or less intermingled with the eicatricial cells.
In animals killed from seven to eleven days after the operation, the epidermis commonly appears as a fairly thick and compact layer, one cell deep, the cells varying in form from somewhat flattened to low columnar (Fig. 16) . It is probable that for some time after the cicatrix is covered the forward movement of epidermal cells continues, whereby the volume of the layer over the cicatrix is increased, and, at the same time, there is apparently an increase in the cytoplasm of the migrated epidermal cells.
The basal cells play an unimportant part in the reparation of the epidermis, at least so far as the closing of the wound is concerned. Sometimes the basal cells are traceable a certain distance out over the periphery of the cicatrix (see Fig. 8 ), but never far. They appear to be left behind as the columnar cells move forward. Up to eleven days or more after the operation, the single layer of columnar cells appears to rest directly upon the cicatrix. In two cases of sixteen days' regeneration, the differentiation of circular muscle fibers had begun. In one of the eases a basement membrane was distinctly present, and basal cells occurred between it and the columnar layer. In the other case the basement membrane and basal cells were doubtfully present. Whether tile basal cells are derived from superficial cells of tile cicatrix, or whether they result from mitosis in the columnar layer was not determined.
Vl. Theoretical.
The behavior of the epidermis in this reparation process invites an explanation. What in the nature of the agency which effects the translation of the epidermis over the cicatrix?
BoR~ ('96) found that wounds almost a millimeter in diameter in the body wall of amphibian larvae little more than 2 ram. long were completely covered over in little more than an hour by an advance of the epidermal edges from all sides toward the center of the wound and without increase in the number of ceils. Seeking an explanation, BoRs first suggests ,dab in der unverletzten Larve die Epidermiszellen seitlich an einander geprel]t sind, wodurch eine Spannung in der Fl~tche der ganzen Haut, die sie zusammensetzen, entsteht,< (p. 571). This explanation was abandoned, however, because ,,die Epidermiszellen an den meisten Often auf unseren Schnitten breiter wie hoeh gefunden wurden, w~hrend man doch, wenn sie seitlich zusammengeprel]t waren, das Umgekebrte erwarten mtiBte,, (p. 571), --since artificially isolated epidermal cells tend to assume tt spherical form. This pressure theory is scarcely more satisfactory when applied to the earthworm epidermis. The long-columnar form of the cells in the uninjured epidermis, and the fact that there is apparently a certain amount of bodily forward movement of the epidermal layer during reparation, are not inconsistent with this supposition of lateral pressure. But the conditions found in the vicinity of the cut edge of the epidermis (where the effects of diminished pressure ought to be most evident) do not support this explanation. Tile columnar cells in this region do not, as a rule, exhibit change of form such as would be expected to result from a diminution of lateral pressure. As often as not they retain their elongated form, but lean over so as to become oblique or parallel to the surface on which they rest, at the same time becoming more or less separated from one another by spaces. Tile cut edge of the epidermis, on the supposition of a state of compression in tile layer, would literally be pushed forward over the cicatrix. A glance at any part of the advancing epidermal edge is enough to convince one that the advance of the foremost cells is not due to a push from behind.
BORX summarizes his observations on the advance of the epidermis as follows ['96, pp. 579, 580 )" ,Bei der Ktirze der Zeit, in der die Epithelbedeckung sich vollzieht, ist natUrlich an eine Ausdehnung des Epithels dutch mitotische Theilung der Zellen nicht zu denken. Mir scheint, dab der Rand des Epithels als Ganzes koncentrisch tiber die Wundflii.che vorgeschoben wird --Far ein aktives Vorwandern einzelner Epithelzellen sprechen die Bildcr nicht., Concerning the cause of the movement of the epidermis he concludes (p. 572) ~daB die Epidermiszellen unserer Larven, so lange sie im nattirlichen Verbande stehen, vital das Bestrebcn haben, sich tiber die Kugel hinaus anf Kosten ihres HShendurchmessers in der Flitche auszudehnen.,, ~,Bei einer Verletzung', wie wit sic in unseren Versuchen gesetzt haben, muB das angenommene vitale Bestreben der Epidermiszellen, sich abzuplatten, dazu ftihren, dab die Wundr~tnder der Epidermis allm~thlich tiber die angeschnittene Flitche der Dotterzellmasse hinweggeschoben werden .....
A ,vitales Bestreben der Epidermiszellen, sich abzuplatten, is not marked in the earthworm. As already pointed out, the columnar cell may change its position so as to cover more surface, but often it remains with its long axis perpendicular to the eicatricial surface. There certainly is little evidence in favor of supposing that the concentric advance of the epidermis is due to the tendency of the individual cell to spread itself over the greatest possible surface. Furthermore, a tendency upon the part of the epidermal cells to flatten out would result in a state of compression in the layer, the effects of which would be similar to those involved in the first explanation suggested by BoR~-, which has been rejected as inapplicable to the earthworm epidermis.
The form, position, and mutual relations of the cells at the advancing edge of the epidermal layer argue conclusively against the supposition that these cells are being carried forward passively, as a result of a general expansion of the epidermal layer from any cause whatsoever. Of special interest in this connection are the observations of LEO LOEB {:02) on the artificial propogation of an epithelium on agar or coagulated blood serum. LOEB found that masses or sheets of the epithelial cells penetrated into the midst of the agar or serum. Speaking of the causes of this ingrowth, he says (p. 500): ),Es ist aber sehr wahrscheinlich, dab neben den in Folge der mitotischen und amitotischen Theilungen auftretenden Druekwirkungen noeh Zugwirkungen thiitig sind. Ware nur eine durch die Mitosen bedingte visa tergo th~tig, so sollten wir an jedem Punkt, we ein Widerstand vorliegt, die Epithelien zusammengedrUckt finden. In der That finden wit abcr die dutch den Agar sich durchwindenden Epi--thelien gewShnlieh lung ausgezogen, ihre gestreekten Kerne oft durch betri~chtliche Zwischenr~tume getrennt, ohne dab Zeichen yon stattgefundenem Kerntod vorhanden wiiren.~ In the advance of the earthworm epidermis there is nowhere the slightest suggestion of inert bodies being shoved along by a vis a tergo. On the contrary, there is every evidence of individual activity on the part of the epidermal cells. The columnar cells at the margin of the epidermis break away from one another. They lean forward, with more or less anterior convexity of their axes, and stretch out toward the cicatrix. The old cuticula and the, basal cells are left behind. The very attitude of these columnar cells is expressive of individual impulse toward an active forward movement. The cells at the extl"eme margin of the layer are the true leaders in the movement. Their advance is the most rapid (as evidenced by the greater separation of the cells toward the edge of the layer and their greater obliquity to the cicatricial surface), while the cells more remote from the edge follow with ever increasing speed. It is an orderly advance for foothold on new territory~ although the absolute rate of speed is not great, since the covering of the wound requires usually several days.
Is not this migratory activity of epidermal cells best assigned a place among the phenomena included by Rovx ('94, '96) under the name cytotaxis, --a chemotaetic cell phenomenon? Roux observed mutual attraction (and sometimes repulsion) among frog cleavage-cells artificially isolated and lying in close proximity to one another in some indifferent medium (filtered albumen of the ben's egg, or 0,5 O/o NaC1 solution), as well as the more complicated process of ,Selbstordnung, in groups of cells. These phenomena, Roux suggests, are possibly, or even probably, to be explained as due to local and temporary differences in the surface-tension of the cells. ,Diese wechselnden 0berfiachenspannungen sind, so welt sic typische, also vererbte Gestaltungen tlervorbringen, als yon den jeweilig aktiven besonderen, individnellen Qualit~iten der einzelnen Zellen abh~tngig zu betrachten and kiinnen vermuthlich dutch die Wirkung der Zellen auf einander veriindert werden, ('96, p. 464) ,-presumably by the diffusion, into the surrounding medium, of substances from the cells themselves.
A more convincing exhibition of cytotactie phenomena is to be seen in the experiments of DICIESCtt ('96), who caused, by shaking, a displacing of the primary mesenchyme cells of the blastula of Echinus microtuberculatus, in the course of a few hours the displaced and scattered cells migrated so as to bring themselves into normal position and arrangement, and then development continued in a normal way. The conditions in DRIESCH'S experiments were less artificial than in those of Roux, and the mesenchyme cells traversed comparatively great distances. In the same category fall certain of the facts observed by RABES (:01) in his histological studies of the earthworm grafts made by JOEST ('97). RABES found that if two pieces of earthworm were grafted together end to end, but in such a way that there was a discrepancy of 90~ in the positions of corresponding organs at the contiguous surfaces, lateral outgrowths of the dorsal and ventral blood vessels and of the nerve cords took place in such a way as to cause the union of the corresponding organs of the two grafted pieces. In the case of the nerve cord this involved lateral outgrowths of nerve fibers which proceeded from the cut end of one cord toward that of the other, making their way through a mass of cicatrieial tissue along a path not previously traversed by nervous tissue.
The cells of the earthworm epidermis are seen to execute an extensive movement from their original position to an adjoining surface not previously occupied by epidermis. The movement of the cells at the margin of the layer is not a passive one~ resulting from external pressure. ~Nor is there the slightest ground for supposing the existence of a force acting from a position anterior to the cut epidermal edges and serving to pull the epidermal cells over the cicatrix. We are compelled, therefore, to look in the individual epidermal cell itself for the immediate source of the activity. This activity, by whatever mechanism effected, must be occasioned by an agency external to the cell, --namely, by some factor of the conditions resulting from the injury.
The epidermal cell responds, by a migratory movement, to a directive stimulus, probably of a chemical nature. Is this stimulus to be found, perhaps, in some chemical peculiarity of an exposed cicatricial surface, or in some inter-action of the cells of the opposite epidermal edges? This is eytotaxis in the sense of Roux.
Obviously, the conditions with which we have to deal in the earthworm epidermis are very much more complex than the conditions in Rovx' experiments on cleavage cells. The latter case involved few cells of a relatively low degree of differentiation, of similar nature and spherical form, placed in exceedingly simple relations to one another in an indifferent medium. In the former case we have to do with an epithelial layer whose cells are of a relatively high degree of differentiation, of specialized form, and situated in more or less complex relations to many other tissues of various kinds. As a result of the conditions created by the operation on the worm, these specialized cells assume activities of a kind uncallcd for in their normal existence. They change their form (the originally tall-columnar cells, in some eases, tending toward a genuine amoeboid form), they alter their mutual relations and their relations to the underlying tissues, executing an extensive migration. Yet, throughout all the reparative activity of these cells, there is no cessation, even temporarily, of their peculiar function as epidermal cells. However altered in form and position, they always, in one way or another, present collectively to the exterior a smooth and unbroken surface upon which cuticula is early produced.
An explanation of these activities of the epidermal cells based upon the surface-tension theory meets serious difficulties. Indeed, any attempt to describe the precise nature and source of the stimulus which acts upon the epidermal cells, and the character of the cell mechanism by means of which their response is effected would, in the insufficient light of our present information, result in pure speculation. The facts to be emphasized are these: --that, in the abrupt event of a life-threatening emergency, there immediately arises a set of conditions involving the action of a directive stimulus upon certain cells whose response, by Archiv f. Entwicklungsmechanik. XIX. 4
migration, results in the first definitive step in the reestablishment of a normal state. And, further, the agencies by which these preliminary regenerative processes are effected are similar in nature to those which, as so ably maintained by HERBST ('94) 1), play the important role in normal ontogeny.
VII. Summary.
Following is a brief outline of the process of reparation of the epidermis in an earthworm deprived of the first six or more segments, as inferred from the observations.
Within three hours after the removal of the anterior segments, a cicatrix is formed over the cut end, completely enclosing the injured tissues and the exposed ccelomic spaces. The cut end of the digestive tube is sometimes closed by the cicatrix, and sometimes not. The cicatrix is composed of more or less loosely aggregated cells (doubtless, for the most part, leucocytes), except at its outer surface, where it possesses a compact layer composed of much elongated cells, several deep, lying with their long axes parallel to the surface. This compact outer layer of the cicatrix is, physiologically, a provisional epidermis.
The muscle layers, at their cut surfaces, bend inwards, decreasing" the area of the wound surface, but never closing the wound entirely.
The epidermis, also, at first bends inward with the muscle layers: retaining its original relation to the surface of the circular muscles. Later the epidermis, in the vicinity of its cut edge, becomes separated from the basement membrane and lifted away from it so that, instead of ending abruptly against the cicatrix, it is in a condition to advance over the surface of'the cicatrix.
In many cases, but not in all, the sections show the presence of numerous deep transverse furrows in the epidermis of several of the most anterior segments. Passing" posteriorly these furrows decrease in fl'equency and depth.
Usually within twenty-four hours after the operation, the epidermis begins to advance over the margin of the cicatrix, --not 1) ,Ebenso wie freibewegliche 0rganismen durch iiu6ere Agentien in ihrer Bewegungsrichtung beeinflusst werden, so reaffieren auch selbst~indige Gewebezelten auf bestimmte Richtungsreize und erm~iglichen dadurch das Zustandekommen einer ganzen Anzahl ontogenetischer Gestaltungsprozesse, (p. 771).
as the result of cell proliferation, but by an en masse forward movement of epidermal cells. As a result of this movement, the epidermis at first extends bodily a certain distance over the margin of the cicatrix, the original thickness of the layer toward its edge being somewhat decreased hy the increasing obliquity of the columnar cells and fnrther by the fact that the columnar cells, as they advance~ leave behind them the basal cells. It is impossible to say how great an extent of the epidermis posterior to the plane of cutting is affected by the forward movement. This en masse movement of the epidermis, however, results in the covering of only the extreme margin of the cicatrix.
The continued advance of epidermis over the cicatrix is effected in quite a different way. The columnar cells at the extreme edge of the layer, separating themselves from one another, leaning forward with more or less anterior convexity of their axes, and sometimes suffering" loss of cytoplasm, execute an active migration over the surface of the cicatrix, giving rise to a layer which is relatively thin, or lacking in compactness, but always unbroken as to its outer surface and continuous with the thicker epidermis behind it. The cells engaged in this migration may be of short columnar form, with scant cytoplasm and axes directed toward the surface on which they rest, or elongated cells whose long" axes, originally perpendicular to this surface, have come to lie parallel with it, or cells exhibiting all intermediate conditions as to form and position. At the beginning of its migration the epidermal cell is tall-columnar and its outer end moves forward faster than its deep end; as the cell nears the center of the cicatrix it often becomes much flattened, and its inner surface advances faster than its eutieular surface. Sometimes the foremost cells exhibit an amoeboid form. The nuclei, however, suffer no change except change of form corresponding to change in the form of the cell. Within one to five days the advancing cells cover the cicatrix, either forming' a complete layer over the cut end of the worm (when the digestive tube is closed, as in Fig'. 10) , or meeting" the digestive epithelium (when the digestive tube is open, as in Figs. 3 and 7) .
The basal ceils do not participate in the migration. Gland cells disappear from the columnar layer as its ceils migrate onto the cicatrix.
The thin or discrete epidermal layer first established over the cicatrix is thickened and solidified by continued accessions from the region back of the wound, as well as by increase in the volume of the protoplasm of its cells. A delicate cutieula is early deposited. 4* After six or seven days the epidermis over the cicatrix is a fairly thick and solid layer, one cell deep, derived from and representing the columnar layer of the normal epidermis. Basal cells, of doubtful origin, appear at a considerably later period of regeneration.
During the first five days there is no increase in the number of epidermal cells. At seven days and thereafter~ mitotic cells are commonly found, not only in the epidermis over the cicatrix and over the conical regeneration bud which develops later, but also in both the columnar and basal cells of the epidermis of the more anterior uninjured segments. The continued expansion of the epidermis, as the regeneration of new segments progresses~ is provided for by cell proliferation. The occurrence of cell division posterior to the place of injury is perhaps connected with the fact that this region of the epidermis contributed the cells which effected the reparation.
The en masse movement of the epidermis seen about the margin of the cicatrix may be due to a mere mechanical expansion of the epidermal layer. It is more probable~ however, that this movement is due to the same causes which effect the active migration of individual epidermal cells.
The most important factor in the earlier part of the process of reparation is cytotaxis; the individual columnar cells of the existing epidermis are affected by some directive stimulus and respond by an active migration, which results in the covering of the surface of injury by a protective epithelium, --the first definitive step toward regeneration.
Harvard University, March, 1904.
Zusammenfassung,
Folgendes ist in kurzen Umrissen der Regenerationsverlauf an der Epidermis eines Regenwurms, der seiner ersten sechs oder noch mehrerer Segmente beraubt wurde, wie aus den Beobachtungen zu schlie•en ist.
Binnen 3 Stunden naeh der Entfernung der vorderen Segmente bildet sich eine Narbe fiber dem Schnittende, welche die verletzten Gewebe und die freiliegenden Ciilomr~iume v(illig abschlie~t. Das angeschnittene Ende des Verdauungstractus wird dabei manchmal yon der Narbe mit geschlossen, manchmal nicht. Die Narbe besteht aus mehr oder weniger lose zusammengelagerten Zellen (meistenteils zweifellos Leucocyten), ausgenommen an ihrer ";iul~eren 0ber-fl~iehe, wo sie eine zusammenh~ingende Lage sehr liinglicher, fibereinander gelegener Zellen besitzt, die mit ihrer L~ingsachse parallel zur Obertl~che ausgeriehtet sind. Diese kompakte AuBenlage der Narbe stellt, physiologisch gesprochen, eine provisorische Epidermis dar.
Die Muskellagen krfimmen sich an ihrer Schnittflitche naeh innen, die Wundfl~iehe dabei verkleinernd, abet niemals g:~inzlich schlieBend. Die Epidermis kriimmt sieh anfangs mit den Muskellagen gleichfalls naeh innen, indem sie ihre urspriinglichen Lagebeziehungen zu den zirkulSren Muskeln beibeh~tlt. Sp~iter trennt sich die Epidermis in der Nachbarsehaft ihrer Schaittr:,inder yon der Basahnembran und hebt sich ab yon ihr, so dab sie, statt glatt abgesehnitten am Wundrande gegen das Narbengewebe zu enden, imstande ist, fiber die Narbenoberfl:~iche hin vorzurticken.
Iu manchen, aber nicht in allen Fiillen, zeigen die Schnitte die Gegenwart zahlreicher tiefer querer Furchen in der Epidermis einzelner der vordersten Segmente. Weiter nach hintea nehmen diese Furchen nach Zahl und Tiefe ab.
Gew~hnlieh binnen 24~ Stunden nach der Operation beginnt sich die Epidermis fiber den Rand der bTarbe vorzuschieben, --dies ist nicht das Ergebnis yon Zellproliferation, sondern yon einer Vorw~irtsbewegung ,en masse, der Epidermiszellen. Infolge dieser Bewegung dehnt sich die Epidermis zuniichst kiirperlich einen gewissen Abstand weir tiber den Rand der Narbe aus, indem die ursprfingliche Dicke der Zelllag e nach ihrem Rande hin dureh die zunehmende Schr~iglage der S:,iulenzellen w~ehst und ferner infolge des Umstandes, dab die S:~iulenzellen bei ihrem Vorriicken die Basalzellen hinter sich lassen. Es l:,tBt sich nicht bestimmen, in wie groBer Ausdehnung die hinter der Sehnittebene gelegene Epidermis yon der Vorw,irtsbewegung "oetroffen wird. Jedenfalls resultiert aus dieser Massenbewegung der Epidermis nut die Bedeckung des :~iuBer-sten Randes der bTarbe.
Das kontinuierliche Vorrticken von Epidermis fiber die Narbe findet in viillig andrer Weise statt. Die S:~iulenzellen am :,iuBersten Rande der Zellschicht trennen sich voneinander, neigen sich vorwiirts unter mehr oder weniger bedeutender, nach vorn gerichteter Konvexitiit ihrer Achsen, und ffihrea, bisweilen unter Cytoplasmaverlust, eine aktive Wanderung fiber die Oberfl~iche der Narbe aus. Sie dienen so einer Zelllage zum Ursprung, welche, relativ dtinn und yon mangelhafter Kompaktheit, doeh undurchbrochen mit Bezug auf ihre Aul~enfl~iche und-in Zusammenhang mit der dahintergelegenen dickeren Epidermis bleibt. Die an der Wanderung beteiligten Zellen k(innen kurze S~ulenform haben bei sp~irlichem "Cytoplasma und gegen die zugehiirige Oberfl~iche geriehteter Achse, oder l~tngliche Zellen, deren lange Achsen, urspriinglich senkrecht zu dieser Oberfl~ich% in parallele Lage zu ihr gekommen sind, oder endlich Zellen, welehe in bezug auf Form and Lage alle Ubergiinge darbieten. Beim Beginne ihrer Wanderung zeigt die Epidermiszelle sich lang-s~iulenf(irmig uad ihr Oberende bewegt sich schneller vorwlirts als das untere; bei der Ann:,iherung an das ~arbenzentrum wird die Zelle oft stark abgeflacht und ihr nach innen gekehrtes Ende bewegt sich schneller als das Cuticula-Ende. Bisweilen zeigen die vordersten Zellen am(iboide Form. Die Kerne erleiden jedoch keine Veriinderung au[3er solchen der Form in (~bereinstimmang mit der Formiinderung der ganzen Zelle. In eiaem bis zu 5 Tagen bedeckea die vorriickenden Zellen die bTal'be, iadem sie entweder eine zusammenhiingende Lage tiber das Schnittende des Wurmes bilden (wenn der Verdauungstract geschlossen ist, wie in Fig. 10 ), oder verbinden sieh mit dem Darmepithel (wean das Darmrohr er(iffnet ist, wie in Fig. 3 and 7) . Die Basalzetlen beteiligen sich nicht an der Wanderung. Die Driisenzellen verschwinden aus der Siiuleazellenschicht, wenn deren Zellen gegen die Narbe hin wandern. Fig. 3 .
The figure represents a region of a sagittal section corresponding to the region marked in Fig. 3 by the dorsal asterisk. Magnified 365 diameters. Fig. 5 . The superficial compact layer of the cicatrix, from the animal represented in Fig. 3 . The numeral 5 in Fig. 3 indicates the position of the region of the sagittal section from which Fig. 5 is taken. The dagger (~) marks the outer surface of the cicatrix. Magnified 595 diameters. Fig. 6 . Anterior (cut) end of the ventral nerve cord from the animal represented in Fig. 3 . Sagittal section. Magnified 150 diameters.
Plate II. Fig. 7 . Sagittal section of the cut anterior end of a worm 75 hours after operation. The numeral 8 indicates the region shown on larger scale in Fig. 8 . Magnified 39 diameters. Fig. 8 . The dorsal margin of the cicatrix of Fig. 7 and its overlying epidermis (the region of Fig. 7 marked by the numeral 8). Magnified 365 diameters. Fig. 9 . Extreme edge of the dorsal epidermis of Fig. 7 . The asterisk in Fig. 9 is in a position corresponding to that of the dorsal asterisk in Fig. 7 . Magnified 875 diameters. Fig. 10 . Sagittal section of the cut anterior end of a worm 123.5 hours after operation. The dagger (t) indicates the region drawn on larger scale in Fig. 11 . Magnified 39 diameters. Plate III. Fig. 15 . Epidermis from the cicatrix of a worm 23 hours after operation. The cicatrix was completely covered with an epidermal layer of this type. Magnified 875 diameters. Fig. 16 . Epidermis from the regenerating region of a worm 10 days after operation. Magnified 875 diameters. Fig. 17 . Epidermis from the ventral side of the first 12 segments back of the wound, from a worm 23 hours after the operation, to show the furrows. Sagittal section. Magnified 75 diameters. Fig. 18 . Epidermis from the dorsal side of the first segment back of the wounded segment in a worm killed 23 hours after operation. Sagittal section. The arrow points anteriorly. Magnified 290 diameters.
